Introduction
In Nature, strike-slip faults usually do not appear to be linear features. Although assessing detailed geometry of strike-slip faults at the kilometric scale can prove to be difficult, earthquakes offer a unique opportunity to get insights on how faults might be structured along the strike. Indeed, when large strike-slip earthquakes occur, they generate ground surface ruptures that can be up to several hundreds of kilometre long [1, 2] . Based on field observations and seismological results, it has been suggested that these surface ruptures, beyond the inherent variability related to local site effects, are actually most often organized in a series of consecutive fault segments connected by relay zones, either fault bends or step-overs [3] (figure 1a). According to observations, the average length of individual segments seems to be rather constant, between 15 and 20 km, and this is independently of local tectonic and geological [3] . (b) Are strike-faults reminiscences of the segmentation of an initially sound crust by the bottom-up propagation of a crack subjected to mode III loading? [4] . (Online version in colour.) conditions (figure 8). Understanding (i) why strike-slip faults would be structured in such a way along strike and (ii) what might control their geometry and in particular the segment length are keys to address questions related to seismic hazard mitigation.
If strike-slip faults were segmented with segments of similar length, such structures could be implemented in earthquake simulators to limit the number of earthquake scenarios to be tested [5] and could have some control on potential earthquake magnitude to be expected. The task is however not straightforward since the geometry of the fault, as we can observe it nowadays, is the combination of possible pre-existing geological structures superimposed with a more recent fault structure that has evolved through a multitude of earthquake cycles since its emplacement. In the next sections, following the suggestion that crack/fault geometry presents some continuity through scales [6] , we propose in ( §2) to examine through a model experiment the formation of a segmented pattern (figure 1b) by crack propagation when mode III shear loading is applied [7] [8] [9] . From there, we formulate a plausible scenario for the formation of the strike-slip fault segments ( §3) where fault segments, as they can be observed today, would be the reminiscence of the initial fault pattern formed during the fracture of the pristine Earth crust, through the bottom-up propagation of a basal crack subjected to mode III loading related to far-field tectonic boundary conditions.
Crack propagation in the presence of mode III
When a crack is loaded in the presence of anti-plane shear (tear) loading (mode III), segmentation of the crack front occurs during propagation [7] [8] [9] . This phenomenon is quite universal from the millimetre [9] to the kilometre scales [10] , in many types of materials, from metals [11] , to polymers [9, 12] , glass [7] , cheese [13] , soft matter [14] and rocks [10] . Fracture experiments realized in Plexiglas [9] at the laboratory scale can thus be considered to be representative of what happens in the earth crust at larger scales. The main advantage of using Plexiglas is that in situ observations of the segment formation are possible by transparency, although in Nature only the trace of their formation, in its final state (potentially after many successive seismic events) and at the top of the crustal layer, can be studied. Here, in addition to former fatigue (performed under cyclic loading) experiments [4, 9, 15] , some new experiments broken abruptly under increasing loading until fracture are also presented. Fatigue and these supplementary outputs, together with some theoretical results of interest for our purpose [16] [17] [18] , are outlined below. Experiments are carried out using cast Plexiglas 1 beams and a traditional four-point bending set-up ( figure 2 ). An initial crack is manufactured by micro-milling and further sharpened by pushing a razor blade inside [4] . To introduce some amount of mode III, the crack is tilted with an angle Γ 0 from the mode I central plane of symmetry (that corresponds to Γ 0 = 0) [9, 12, 19] . When Γ 0 increases, the amount of shear mode III increases. We consider two ways of propagating the crack: (i) either progressive propagation under cyclic loading (fatigue) to observe in situ the segment formation or (ii) abrupt propagation once the brittle fracture threshold is reached, leading directly to the breaking of the sample into two pieces (brittle fracture). The beam size is L = 50 mm, W = 10 mm, b = 10 mm. In brittle fracture, a loading velocity V = 0.1 mm s −1 has been selected to break all the samples. In fatigue, the loading parameters of the 5 Hz cyclic loading F 0 ± F had to be adjusted for each sample to keep the loading per unit crack length constant. F 0 and F increase with Γ 0 and range from 180 ± 160 N for Γ 0 = 5 • to 340 ± 300 N for Γ 0 = 45 • . More informations on the sample and experiment preparation can be found in [9] and the supplemental material of [4] .
In fatigue, in situ observations can simply be made by stopping the loading cycles. At the macroscopic scale of the sample (figure 2), the crack front twists during the propagation to ultimately reach the mode I plane [9] . On a smaller scale (figure 3), the initial crack front splits into an array of very small daughter cracks that are shaped as tilted facets rotated toward the shear free direction, and that coarse during propagation. Figure 3a -c, which corresponds to the same Γ 0 experiment at different stages of the propagation, highlights that the coarsening occurs by the progressive coalescence (or merging) of the facets during in-depth propagation. This process induces an increase of the spacing between the facets with the propagation length. This coarsening process is also clearly visible on the post-mortem fracture surfaces in figure 3e, where the distance between the merging zones (appearing in white) increases in the propagation direction (from bottom to top).
Under monotonic loading, the crack abruptly propagates once the brittle fracture threshold is reached. It is not possible to follow facets formation in situ, but observations can be made on the broken samples. For Γ 0 ≤ 15 • , the final fracture surfaces are similar to the ones obtained in fatigue (figure 3e), suggesting a similar formation process. For Γ 0 > 15 • , the complete segmentation of the full crack front becomes difficult to achieve; the fracture of the specimen in two pieces generally 
In situ numerical microscope images of partially broken samples. Each column corresponds to one sample, the first row being a top view and the second row being a front view as indicated by cartesians axes defined in figure 2. Γ 0 = 30
• in (a-c) and Γ o = 15
• in (d). In the front views, the initial slit and the facets appear in black. In the bottom views, the initial larger slit is dark and the facets appear in white; the red arrows corresponds to the direction of the mode III shear loading in reference of the initial slit. results from the nucleation, in discontinuity with the initial front, of a unique fracture in the mode I plane. In the sequel, experiments corresponding to this last case will not be considered further.
(b) Results on the length scale S and the orientation θ Whether under cyclic loading or monotonic loading (for Γ 0 ≤ 15 • ), the fracture pattern can be characterized by evolution with the propagation length a of (i) the spacing S between the facets and (ii) the tilt angle θ with the initial slit (figure 4).
To get quantitative information on the patterns, three-dimensional maps of post-mortem fracture surfaces are obtained using a profilometer. The tilt angle θ(a), the spacing S(a) are then extracted line by line for the successive values of a, as detailed in [15] . Figure 5 is representative of their evolution under both cyclic and monotonic loading. The successive coalescence of the facets (as observed qualitatively on figure 3 ) induces a nearly linear increase of S(a), which can be quantified by the coarsening rate β ≡ dS da . The tilt angle θ(a) increases from the initial flat position of the slit θ (a = 0) = 0 to a maximum θ max before it decreases. This decrease is linked to the decrease of the amount of mode III induced by the overall twisting of the front (figure 2), as demonstrated in [15] . Figure 6 gives the evolution of β and of θ max with Γ 0 . Several observations can be made: (i) the angle θ max and the coarsening rate β increase with Γ 0 , that is with the amount of mode III; (ii) the angle θ max and the coarsening rate β are nearly the same, although slightly higher in fatigue than for brittle fracture; (iii) as mentioned previously, for Γ 0 > 15 • , facets are not likely to occur in brittle fracture, this is why there are no 'black points' above this value. . β is obtained by linear regression for a < 150 µm. Each point correspond to one experiment. For the maximum tilt angle θ max , the error bars correspond to the standard deviation of the facet angle distribution at the peak location (cf. figure 5 ). For the coarsening rate β, the error bars correspond to the upper and lower bounds of the 95% confidence interval of the linear regression. The circles correspond to fatigue, the squares to brittle fracture. (Online version in colour.)
(c) Theoretical insights
In the framework of linear elastic fracture, the crack advance is described using the stress intensity factors (SIFs) K I , K II , K III and the energy release rate G [20] . Under a cyclic loading, the crack advance at each loading cycle depends in a complex way (not precisely known as for now in mixed mode) on the amplitude of the SIFs [21] . Under an increasing loading, the crack does not advance until the elastic energy released by the crack propagation balances the fracture toughness G c ; in other words, the brittle fracture threshold is given by G = G c . The crack propagation direction, whether under cyclic or monotonic loading [22] , is given by the principle of local symmetry (PLS) which states that K II = 0 [23] . In three dimensions, these criteria (G = G c , K II = 0) have to be applied point by point along the crack front. Phase-field methods are a way to find the crack path satisfying these conditions [24] .
Consider the ideal case of a planar crack with a straight crack front submitted to a uniform mixed mode I + III (therefore in the absence of mode II); a trivial solution is a uniform and coplanar advance of the front (figure 7a). But besides this trivial solution, it has been shown by linear stability analysis that a deformed helical solution exists above a K III /K I threshold [16, 25] . We have also shown [4] by phase-field simulations that this instability is subcritical and that the bifurcated solution takes the form of crack front segmentation and facet coarsening (figure 7b), in agreement with the experiments. In other words, it means that in practice the formation of segments can be initiated as soon as some amount of mode III is present, provided that large enough defects exist to initiate the instability. Concerning the segmentation patterns, the facets are rotated towards the direction of the shear free direction [18] . The tilt angles θ are lower than the shear free direction [4, 26] . This can be attributed to the mutual shielding of the loading by adjacent facets [27] . Indeed, the values of θ are in agreement with the phase-field simulations which inherently take these interactions into account. Concerning β, only a qualitative agreement on the increase of β with Γ 0 could be found; some ingredients are still missing. Furthermore, it is possible to show using a multiscale cohesive zone model [17] , that (i) under a constant loading the spacing S has to scale linearly with a to get a sustained propagation in the form of disconnected tilted facets, (ii) the slope β = S/a increases with K III /K I . Further work is under progress to get precisely the value of β as a function of the parameters involved in the problem, that is material constants (G c , ν) and the local loading of the tips given by the stress intensity factors. But this task is complex and beyond the scope of this paper.
Plausible scenario for the strike-slip fault formation
Large continental strike-slip faults affect the entire lithosphere, although the brittle part of the crust is usually only limited to the upper 15-20 top kilometres, where earthquakes occur. These large continental faults propagate to accommodate large-scale plate-tectonic boundary conditions [28] . They are driven by the shear stress located at the base of the crust. Although this can be considered a rough first-order approximation, a propagating strike-slip fault can be envisioned as a fracture propagating in a pristine piece of crust under basal traction, following the direction of a small circle that defines the rotation of two rigid crustal blocks at the surface of spherical Earth. Hence, at the base of the crust, when the fracture initiates, it is expected to have a direction parallel to the shear direction. When the fracture grows upward toward the free surface, it has been shown that the direction of the fracture changes for the fracture to become in a shearfree direction. Although it is beyond the scope of this work, studying geometries of exhumed strike-slip faults to compare them with the direction of stress at the time these structures were active could be enlightening in this regard. Available outcrops with enough relevant data might, however, prove to be very limited, making this further work difficult.
Since defects are unavoidable in particular in the Earth's crust, the subcritical instability described in §2 is likely to appear. Hence, when breaking the full crust, a basal crack loaded in mode III, (i) will form tilted facets rotated toward the shear free direction; (ii) as the fracture propagates upward the distance S between consecutive facets will increase; (iii) there will be a linear relationship between S and the propagation direction, so that when emerging at the surface S will scale with the plate thickness T.
In the case of the lithosphere, the thickness of the brittle part of the crust only differs in a minor way between the different continents and on average it is considered to be 15-20 km thick for any continent. Thus, transposing the results from the model experiment to the emplacement of strike-slip faults, if the thickness of the brittle crust is, at first order, similar anywhere, the distance S between successive ruptured sections when they reach the ground surface should also be similar for any strike-slip fault, about 15-20 km (figure 8). It is worth noticing that this yields S/T ∼ 1, which is close to the values of β obtained experimentally for large enough Γ 0 values (figure 6), giving some additional arguments for the scenario. Although only very few large strike-slip earthquake ruptures have been documented in oceanic-crust settings, the 1998, M7.9, event in Antartica, which ruptured through an oceanic crust, shows a rupture segmentation shorter than segmentation observed for continental earthquakes, consistent with a thinner oceanic brittle crust [3] . Despite the well-defined mean ruled by fracture mechanics principles at the continuum scale, some natural variability will arise depending on places (figure 8) due to (i) the facet initiation ruled by defect scattering and (ii) further propagation perturbed by heterogeneities.
In an idealized pristine crust, these upward propagating fractures correspond to Riedel cracks [29] that form first, with some obliquity relative to the direction of shear. In reality, though, the true direction of the Riedel cracks will be a combination of the theoretical predicted angle and of the effect of pre-existing geological structures, introducing some heterogeneity and likely anisotropy that could partly guide the growth of the fracture. Later, as the fault structure evolves to accommodate the shear traction applied at the base of the crust, these Riedel cracks get connected by a coalescent network of through going cracks that will eventually become the main fault. While the system is evolving towards this more mature stage, the initial Riedel cracks might be partly dismantled to eventually only persist as geometric discontinuities in between more linear sections of the fault. In Nature, these discontinuities would be interpreted as relay zones, such as fault bend or step-over. Hence, strike-slip faults as we can see them today have often evolved significantly from such initial simple geometry and what can be seen, mostly during earthquakes rupture, is the remains of such a blueprint, which is preserved through constant length of fault segments separated by relay zones. 
Conclusion
Facet formation under shear mode III has been reported for a long time [7] [8] [9] . We review here some recent theoretical, numerical and experimental results showing that their formation can be predicted in the framework of linear elastic fracture mechanics [4] : the trivial straight and planar solution (without any segments) of the classical criteria (Griffith and Principle of Local Symmetry) is unlikely to appear since any defect or material heterogeneity may initiate a subcritical instability corresponding to the apparition of facets that coalesce during propagation. Using self-similarity arguments [17] , the spacing can be argued to scale with the propagation distance, the theoretical determination of the proportionality constant being devoted to further work. Here, this constant is quantified experimentally ( figure 6 ) and noticed to be close to the values observed in faults ( figure 8 ). In addition to the fatigue experiments of [4] , we also report new experiments performed by abrupt fracture of the specimens that show no significant changes on the in-fine morphologies. But, the main novelty of the paper is to transpose these results from the fracture mechanics to the geophysics/mechanics communities in order to show the plausibility of the new scenario proposed herein for the strike-slip fault segmentation, as the reminiscence of the fracture of an initially sound crust by the bottom-up propagation of a crack subjected to mode III loading.
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